In this letter, we report that two-dimensional ͑2D͒ polystyrene colloidal crystals of much higher quality can be fabricated in a single-step confined convective assembly process by introducing water-soluble polymer into the colloidal suspension. The presence of the water-soluble polymer in the aqueous phase enables the colloidal particles to arrange into more hexagonally close-packed single crystalline domains, and thus reduces the defect density. In addition, the physical stability of the final 2D colloidal crystals is improved because each particle is bonded to neighboring particles and to the substrate by polymer bridges. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2192626͔
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Colloidal crystals have been extensively studied over the past decade because of their potential applications. Among the colloidal systems considered to date, two-dimensional ͑2D͒ colloidal crystals have been widely explored for use as lithographic masks for producing large-area periodic nanopatterned arrays, as master molds for fabricating 2D regular arrays, as templates for the epitaxial growth of colloidal particles, and as templates for producing nanostructured films with 2D ordered arrays of nanoholes.
1-9 These applications require defect-free, robust 2D colloidal crystals; hence the ability to fabricate high quality colloidal crystals with good reproducibility is of great importance.
We have recently reported a self-assembly method, referred to as confined convective assembly, for efficiently fabricating well-ordered 2D colloidal crystal films. 10 In this system, colloidal particles are transported to and concentrated at the drying edge of the meniscus by evaporation-induced flow of the suspending medium. The particles are then organized by the capillary force exerted on the particles that protrude through the drying meniscus. By properly controlling the lift-up rate of the back substrate and the concentration of the colloidal suspension, it is possible to fabricate well-ordered 2D colloidal crystals over a large area. To date, however, the quality and physical stability of the colloidal crystals produced using this method have been insufficient for practical applications. Here we report that the quality and the physical stability of the 2D colloidal crystals produced using this method can be greatly improved by introducing a watersoluble polymer into the polystyrene ͑PS͒ colloidal suspension in a single-step confined convective assembly process.
The fabrication of 2D colloidal crystals typically involves evaporation of the suspending medium to form the colloidal crystals as a colloidal crystal film on a substrate. During the final stage of this drying process, however, defects such as line dislocations and cracks inevitably form due to shrinkage of the colloidal crystal film.
11 Figure 1͑a͒ schematically illustrates the process of defect formation. Prior to the final stage of drying, the colloidal particles are assembled into a single crystalline structure by lateral capillary forces, and the colloidal crystal film still contains a large amount of water. On evaporation of this water, capillary forces drive the particles to assemble into more close-packed arrays. During this process, however, all particles do not assemble simultaneously because the local water evaporation rate varies across the colloidal crystal film. As a result, colloidal particles in areas with higher evaporation rates assemble into close-packed arrays before particles in areas with lower higher evaporation rates, leading to nonuniform volume shrinkage and consequently to the formation of voids in the crystal structure at sites where evaporation is relatively slow, as shown in Fig. 1͑a͒ .
Taking into consideration the above defect formation mechanism, we hypothesized that superior colloidal crystals could be fabricated by manipulating the physical properties of the original colloidal suspension. Specifically, we conjectured that addition of a water-soluble polymer ͑viscoelastic material͒ to the aqueous phase of the colloidal suspension would help us to prevent the defect formation. colloidal particles, [12] [13] [14] and the colloidal particles can be assembled more closely prior to the evaporation of the water. Thus, the volume shrinkage of colloidal crystal films after the final drying can be reduced. In addition, added polymer would form bridges bonding each particle to neighboring particles. These polymer bridges increase the adhesive force among the particles because of its elasticity, which thereby hinders nonuniform volume shrinkage, namely, void formation ͓see Fig. 1͑b͔͒ , and thus results in colloidal crystals of higher quality.
The addition of water-soluble polymer to the colloidal suspension is also expected to cause the particles to assemble into more perfect hexagonal close-packed arrays. In confined convective assembly, the air flux applied to the aqueous suspending medium causes the medium to evaporate rapidly, and consequently, the convective flow of the colloidal particles to the drying edge of the meniscus is fast. The high speed of this process means that some colloidal particles have insufficient time to move to the lowest-energy lattice site in the growing colloidal crystal, which leads to the formation of locally disordered structures. The presence of water-soluble polymer in the suspending medium would slow the evaporation of the aqueous medium, thus giving the colloidal particles more time to organize into the lowestenergy configuration, a hexagonal close-packed array.
When colloidal particles assemble at the air-water-glass substrate interface, the interfacial tension becomes unstable because the meniscus is in an elongated state. The system exits this unstable state by abrupt slipping of the meniscus to minimize the interfacial energy, 15 which interrupts the assembly of the colloidal particles. Addition of water-soluble polymer to the colloidal suspension will, however, increase the viscosity of the suspension, causing the meniscus to be more smoothly elongated and the interfacial tension to become more stable. The presence of the water-soluble polymer will therefore retard the slipping of the meniscus, allowing the colloidal particles to assemble continuously.
To test the above hypotheses, we fabricated 2D colloidal crystals using the confined convective assembly method. The experimental setup of the confined convective assembly for producing well-ordered 2D colloidal crystals is described in detail in the previous report. 10 A 0.5 wt % polystyrene suspension ͑PS; 460 nm in diameter͒ in water containing various amounts of polyvinylpyrrolidone ͑PVP͒ was used. The back substrate was raised at a rate of 2 mm/ min. Figure 2 shows scanning electron microscopy ͑SEM͒ images of the surfaces of the colloidal crystals that formed in systems with PVP weight fractions of = 0, 2.5ϫ 10 −5 , 5.0ϫ 10 −5 , and 7.5ϫ 10 −5 . In the absence of PVP ͓Fig. 2͑a͔͒, the colloidal particles assemble into a monolayer with a somewhat low packing density and numerous defects. As the PVP content is increased up to 7.5ϫ 10 −5 ͓Figs. 2͑b͒-2͑d͔͒, the defect density gradually diminishes and the colloidal particles are increasingly arranged into hexagonal close-packed single crystalline domains, consistent with our expectations.
When we increased the PVP content to weight fractions higher than 7.5ϫ 10 −5 ͑7.5ϫ 10 −5 Ͻ Ͻ 1.0ϫ 10 −4 ͒, we found no additional improvement in the quality of the colloidal crystals formed. Further increase of the PVP weight fraction above = 1.0ϫ 10 −4 , however, leads to the generation of structures in which some colloidal particles seemed to have assembled into bilayers. It is expected that high loading of PVP affects largely the viscosity of colloidal suspension and consequently the contact angle formed at the water-air-glass substrate interface. 15 Thus, in our experimental setup, the optimal weight fraction of PVP for the fabrication of highquality 2D colloidal crystals was 7.5ϫ 10 −5 . To be suitable for practical applications, colloidal crystals should be physically stable enough to maintain their structures during chemical and physical treatments. The majority of recently reported colloidal crystals, however, are held together only by van der Waals forces between the particles and between the particles and the substrate and hence are insufficiently physically stable for practical use.
In the system considered here, the concentration of PVP in the aqueous solution gradually increases as the water is evaporated. After most of the water has evaporated, the remaining aqueous solution of PVP gathers in the interstices between the colloidal particles by capillary action. On complete evaporation of the water, the PVP solidifies into polymer bridges binding the colloidal particles together, as shown in Figs. 3͑a͒ and 3͑b͒ . Furthermore, PVP bridges also form between the colloidal particles and the substrate. This is clearly evident in Fig. 3͑c͒ , which shows a SEM image of the glass substrate taken after the particles were removed mechanically by transparent tape lift-off.
The ability of the water-soluble polymer to form bridges between the colloidal particles and between the particles and the substrate, shown in Fig. 3 , should significantly enhance the physical stability of the colloidal crystal. This enhanced stability makes the colloidal crystals formed in the presence of water-soluble polymer potential candidates for use in other applications. For example, we have previously shown that 2D colloidal crystals with water-soluble polymer bonds of the type described here are sufficiently physically stable that they can act as templates for the epitaxial growth of colloidal particles. 16 In summary, we have used the confined convective assembly method to rapidly fabricate high-quality, defectless robust 2D PS colloidal crystals by adding water-soluble polymer to the PS colloidal suspension. Compared to 2D colloidal crystals grown in the absence of water-soluble polymer, the 2D colloidal crystals grown from suspensions containing such water-soluble polymer are not only of higher quality but also show enhanced physical stability because each colloidal particle is bonded to neighboring particles and to the glass substrate by the added polymer. Currently, we are examining other water-soluble polymers for use in our system and are studying the use of water-soluble polymers in other methods such as vertical deposition.
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